Abstract-HF radar can be employed to measure sea surface state parameters such as waveheight, wind field and surface current velocity. This paper describes the application of the high frequency ground wave radar in remote sensing the surface conditions over the Eastern China Sea in October, 2000. The radar, referred to as the OSMAR2000, was developed by Wuhan University. Preliminary wave spectra, waveheights and wind fields estimated from the collected data are presented and compared with ship-recorded measurements where such are available. The range for wind direction sensing is up to 200 kilometers. Wave information and wind speed can be provided out to a range of 120 kilometers. The mean difference between radar and shipmeasured significant waveheight is 0.323 m, wind direction is measured within 20
I. INTRODUCTION
Since Barrick [1] - [2] derived equations to describe firstand second-order contributions to the radar sea echo Doppler spectrum, several developed countries have built and employed HF radars for ocean state remote sensing. A typical Doppler spectrum manifesting the large first-order (Bragg) peaks surrounded by a higher-order continuum is depicted in Fig. 1 . To date, many successful measurements of surface currents have been reported, e.g. [3] - [4] . However, the extraction of wave and wind field parameters still presents a variety of difficulties and is worthy of further investigation [5] - [6] . In October 2000, an experiment was carried out over the Eastern China Sea to test the ocean state sensing capability of the newly designed and manufactured HF ground-wave radar OSMAR2000. The purpose of this paper is to examine the wave and wind field mapped by the radar. In section II, the technical characteristics of OSMAR2000 and related groundtruth experimentation using shipborne instumentation are introduced. Section III briefly reviews the inversion algorithms for wave parameter, wind direction and wind speed extraction from the radar data. In section IV, the results obtained from OSMAR2000 are compared with ship-recorded measurements. The last section offers some concluding remarks summarizing the overall performance of the techniques.
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II. THE RADAR SYSTEM AND THE VALIDATION EXPERIMENT
The antenna system consists of a phase-adaptive linear array of eight dual elements for receiving, with dual element number 4 or 5 being used alternately for transmitting. Digital beam forming (DBF) is implemented to determine the direction of backscattered sea-echo. Other parameters of the radar system as used for this experiment are as follows:
Operating frequency range: 6- • steering. Within the project HFGWROME (HF Ground Wave Radar Ocean Monitoring Experiment), two radar sites have been set up south and north of Zhoushan on the Xiangshan Island and the Zhujiajian Island. These are indicated by positions S 1 and S 2 , respectively, in Fig. 4 . Because there are many other islands in front of the radar station at S 1 , the effective angular coverage of this radar is only 20
• . The OSMAR2000 operated every 15 minutes or half an hour at a frequency of 7.5 MHz, and a total of 3 days data were collected. In order to verify the radar measurements, a ship carrying a dogvane, anemometer and other instruments for wave and current measurement was sent out to four different positions within the monitored area.
III. METHODS FOR WAVE AND WIND EXTRACTION
In the radar Doppler backscatter power spectrum, the two quasi-monochromatic lines known as Bragg peaks are due to a first-order scattering mechanism (i.e. a single scatter) of radio waves from ocean waves whose wavelength is one half that of the incident grazing radiation. From the relative ratio of these two Bragg lines Long and Trizna [7] and Stewart and Barnum [8] obtained wind direction information. The second-order echo, which is part of the higher-order continuum surrounding the Bragg lines, has been successfully used to extract wave parameters and wind speed [5] , [9] - [13] .
A. Wave Parameters Inversion
The second-order interaction of the radar signal with the ocean may be modeled by a non-linear integral equation. Several researchers [9] - [12] have presented methods for inverting such models to extract the ocean wave spectrum from the second-order Doppler echo. Barrick's approach is a simple, fast but accurate one in which the non-directional wave spectrum is obtained according to the ratio of secondto first-order energy bands in the Doppler spectrum [9] ,
where σ (1) and σ (2) are the first-and second-order radar crosssection, respectively, k 0 is the wavenumber of the radio wave, w(η)is Barrick's weighting function, and η is the Doppler shift normalized by the Bragg frequency ω B . The inversion technique is suitable for the upper HF region, but a transmit frequency of 7.5 MHz does not meet this criterion. In this case, a substantial amount of ocean wave information may appear in the near-zero Doppler portions of the radar spectrum, but the coupling of the signal to the surface in that region is highly nonlinear. The result is that for operating frequencies of 6-9 MHz, the direct inversion technique can provide the ocean spectrum only up to about 0.12 Hz. As briefly outlined below, Gill et al. [5] have suggested a convenient modification that has been also used by Huang [14] to extend the obtainable spectral range to 0.25 Hz. The Doppler interval which the modification addresses is
For this normalized frequency range, radar spectra are simulated using the well-known Pierson-Moskowitz (PM) spectrum [15] with a range of wind speeds from 2 to 21 m/s and a cardioid directional distribution in σ (1) and σ (2) of equation (1). The upper limit on the wind speed occurs because at that value, for the range of frequencies beyond that given by direct inversion, the PM spectrum saturates. These simulated spectra are stored in a "lookup" table. Least squares fitting of fieldmeasured radar data to the spectra in the lookup table may then be used to determine the wind speed associated with the actual spectra. In turn, this wind speed allows the computation of the portion of the non-directional ocean spectrum associated with the η of equation (2). This process, together with the inversion technique based on equation (1) completes the ocean spectrum up to the frequency of 0.25 Hz as mentioned above. The significant waveheight and peak frequency can be easily deduced from the resulting spectrum.
B. Wind Field Inversion
The algorithm for determining the wind direction, which is equivalent to that used by Stewart and Barnum [8] , is:
where θ W is the angle between the radar beam direction and the wind direction, R is ten times the logarithm ratio of the right Bragg lines to the left one. The wave spectrum spread coefficient s is strictly a function of wavenumber k but a value of 4, used successfully by many investigators (for example, [9] , [5] , [12] ), has been implemented here. Of course, for singlesite monostatic operation, the wind direction derived from (3) is ambiguous -i.e. whether the wind is blowing from the right or left of the radar beam cannot be determined. Recently, Huang [14] adopted a fast and accurate algorithm based on Heron's approach [16] . The wind direction is determined by minimizing the sum of the differences among three wind directions derived from three separate beam angles. In calculating the wind speed, the SMB relationship [13] is widely used. This can be written as
where g is the gravitational acceleration, H s is the significant waveheight, V 10 is the wind speed 10 meters above the sea surface, and f m is the peak frequency.
IV. EXPERIMENTAL RESULTS
In this study, only the data collected by the radar at the Zhujiajian station were used. The radar Doppler spectrum from each cell of radial resolution 5 km was obtained by averaging the results of sixteen 512-point FFTs (fast Fourier transform). Before retrieving the wind field, the mean noise level had to be estimated and a threshold established. Stable values for the wind directions could be computed only if the signal-tonoise ratio (SNR) of the stronger Bragg peak is more than 23 dB. Correspondlingly, as has been determined by many other investigators (for example, [5] ), the SNR required for robust derivation of wave parameters and wind speed was 10 dB. Under optimal conditions, the maximum range for extraction of wind direction was 200 km, and for derivation of wave parameters and wind speed the maximum was 120 km. Fig. 2 shows a nondirectional wave spectrum deduced from the radar data. There was no buoy to measure the "sea truth" wave spectrum during the experiment time, precluding the possibility of a detailed evaluation. tributed in part to the effects of shallow water since, in this region nearest the coast, water depth was on the order of 10 m. In this case, the shallow-water rather than the deep water hydrodynamic coupling coefficient should strictly be incorporated into the radar cross section model, but this was not done here. In Fig. 3(b) , the radar didn't provide waveheight information after 17:00 h because the layer D of ionosphere was disappearing, leading to higher noise levels in the short wave band during the night. The required 10-dB signal-tonoise ratio between the second order echo and the mean noise level could not be realized. A similar statement applies to the wind speed measurements appearing in Fig. 6(b) . Fig. 4 is the waveheight distribution deduced from the radar data for the entire coverage area around 9:00 AM on Oct. 29. Fig. 5 shows the comparison between wind directions estimated by radar and the ship-measured results. The agreement is fairly good. The results from cell B5 on Oct. 28 are shown in Fig. 5(a) . In Fig. 5(b , at a different time on Oct. 29. This figure indicates the wind direction changed from northeast to north in the monitored area and agrees with the local wind and wave forecast. It should be noted that the logarithm ratio R of the right Bragg line to the left one ought to be large when the wind direction is 180
• to the look direction of the radar since most of the spectral energy lies in the direction of the wind (assuming long duration). While the measured R can never reach infinity since there is always a nonzero wave flux against the wind, it can exceed 30 dB. In this experiment, when R is more than 25 dB, the wind direction is taken to be opposite the look direction.
The comparison of wind speeds is displayed in Fig. 6 . The radar-deduced wind speed estimates appear to be in very good agreement with the ship-measured values. The results from cell A (122
• 49.37 ′ E, 29
• 39.77 ′ N) on Oct. 23 are shown in Fig. 6(a) . In Fig. 6(b) , the former part is for cell B5 (122
• 41.00 ′ E, 29
• 39 ′ N) on Oct. 28. It is shown that the wind on Oct. 28 was stronger than that on Oct. 23. According to the local forecast, the wind speed also rose from level 5-6 to level 6-7 during that time interval. Fig . 7 is the wind field mapped by OSMAR2000. The wind direction change from northeast to north is evident.
In Fig. 7 (b) the radar can only provide the near-shore wind field information during the night because of the increasing noise.
V. CONCLUSIONS
Based on all the data collected, the mean difference between radar-deduced and ship-measured waveheight is 0.323 m, while wind direction error is 20
• and wind speed is measured to within 0.6 m/s of the ship-recorded results. Some of these differences may be attributed to the fact that the ship provided essentially temporal and spatial "point" measurements while the radar data is an average over both time and space. In addition to this error source is the fact that the influence of shallow water in the near ranges has not been incorporated in the results. Finally, possible effects of other targets, such as ships, appearing as interfering signals in regions of the Doppler spectra important for oceanographic measurements have not been considered here. In spite of the enumerated difficulties and error sources, the application of OSMAR2000 in mapping the wind fields and wave information over the Eastern China Sea has provided encouraging results in the continuing evolution of HF ground wave radar as an important remote sensing tool in the oceanographic environment. While the dataset is comparatively small, it has nonetheless provided an incentive to continue such measurements on a larger and more diversified scale. To this end, work is continuing on further validation of the inversion algorithms and the ocean surface state sensing capability of OSMAR2000 under different ocean conditions. where he teaches and conducts research in theoretical and applied electromagnetics. His special interest lies in the scattering of high frequency electromagnetic radiation from time-varying, randomly rough surfaces, with particular application to the use of ground wave radar in remote sensing of the marine environment. Dr. Gill is a member of IEEE and the American Geophysical Union.
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